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IN THE 26-MONTH  OSCILLATION 
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ABSTRACT 

The  fundamental  equations  are  linearized  by  the  method of small  perturbations for the conditions of hydro- 
static  equilibrium  and  geostrophic  balance of meridional  forces. I n  a  first  case,  Fickian  momentum  diffusion  is 
used; in  a  second  case, a shear-  and  latitude-dependent  eddy viscosity is used. A wave  solution  for the zonal  wind 
oscillation, having in  meridional profile the  shape of a  probability  curve,  is  substituted in the  equation of zonal  motion. 
This  procedure  leads  first to conditions on parameters,  next t o  a  solution for the meridional  wind,  and,  through  the 
remaining  perturbation  equations, finally to solutions  for  the  remaining  perturbation  quantities.  The  tempernture 
perturbation follows  from thc  thermal wind equation  and  has  the  same  probability  curve  shape in  meridional  profile 
as does the zonal  wind disturbance. 

The conditions on parameters  and  the resulting  solutions  show that   the  assumed  forms of eddy diffusion 
of momentum  cannot  undcr  any  circumstancc  account for momentum  changes in the  non-attenuating 
layer  (above  about 25 km.),  but  may,  to  the  extent  that  mean vertical  motion  over the  equator is  negligible, he applied 
at the levels  where the oscillation attenuates  downward (below about 25 km.). In this  case  air  drifts  equatorward 
during westerlies and  poleward  during easterlies, and  the oscillation  consists of down\vard-propngating cells in me- 
ridional  cross-section. 

1. INTRODUCTION 
The problem of accounting  for westerly momentum 

over the  equator is fundamental  to  an  understanding of 
the 26-month  oscillation. Despite  an ever-increasing 
description of the  fundamental fields of oscillation, the 
mode of equatorward  transfer of westerly momentum 
remains unspecified, except, residually, as lying somewhere 
in  the  mysteries of the Reynolds  stresses  (Reed [ 5 ] ) .  The 
apparent  small scale of the eddies accounting  for the 
transfer of momentum,  and  the  sparsity of observations 
in  the  Tropics,  have  thus  far prevented the  detection of 
correlation between zonal and meridional wind fluctun- 
tions. 

Reed [6] has now extended the description to include 
meridional and vertical fields of motion. In  brief, the 
oscillation  is now seen to consist of downward-propagating 
cells of circulation in meridional cross-section, with air 
drifting  equatorward during westerlies and poleward 
during  easterlies. Vertical motion over the  equator is 
positive between the level of westerlies and  the easterlies 
above them,  and  negative between the level of westerlies 
and  the easterlies below. 

This more complete description now assists  in  making a 
diagnostic evaluation of specific forms for the Reynolds 
stress  terms  in  the equation of zonal motion. 

2. PURPOSE 
The purpose of this  paper is to determine to  what  extent 

two  common  forms of momentum diffusion can describe 
the observed changes of zonal momentum  in  the 26-month 
oscillntion. The first form o f  momentum diffusion 
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analyzed  is Fickian; in the second case a shear-  and 
latitude-dependent  eddy  viscosity  is analyzed. The 
method of small perturbations is used, although,  where 
relevant,  the  usually neglected nonlinear terms  are 
assessed. Two  layers  are considered: a layer  above about 
25 km. where the  amplitude is nearly  invariant  with 
height, and a layer below about 25 km. where the ampli- 
tude  attenuates downward. 

The procedure to  be followed here  is  essentially  diag- 
nostic. A function  for  the  best  known  oscillation, that of 
zonal wind, will be  substituted  in  the equution of motion. 
This  leads  to 811 evaluation of the assumed form of the 
momentum diffusion, and, if the  correct  form of zonal 
wind is used, i t  is possible to deduce from the complete 
set of equations  the oscillations of temperature,  vertical 
and meridional motion, and  the  heating  function. 

3. THEORY 
The undisturbed  equatorial stratosphere will be assumed 

to  be  in  hydrostatic  equilibrium. Hence 

E+!,&=% (1) 

where P and Q are  undisturbed  pressure  and  density, 
respec t ive ly .   The  undisturbed motion includes 
a zona.1 component as shown by Reed  and Rogers 
[7]. Vertical  and meridional  mean  motions must also 
exist, but their  magnitudes  have  not  yet been determined. 
Hence the  mean  motion is specified, for the  present, 

V=iU+jV+kW, (2) 

where 77, V ,  and W all may depend on ?J and z .  Un- 
disturbed  temperature  certainly depends  on height. 
Tf U depends on height  and  the  undisturbed motion is 
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geostrophic, then  undisturbed  temperature  must also 
depend on latitude.  Perturbation  quantities  are  related 
to instantaneous  and  undisturbed  quantities  according to 

u*=U+u (zonal wind) p*=P+p (pressure) 
v*=V+v (meridional wind) p*=Q+p (density) 
w*=W+w (vertical wind) T*=T+r (temperature). (3) 

Here  asterisks  denote  instantaneous  values, crLpitals with- 
out asterisks  denote  undisturbed  values, and lower case 
letters  denote  perturbation  quantities. A perturbation 
equation of zonal  motion  averaged  around the  earth  in 
the  vicinity of the  equator  may be  obtained  by  the usual 
procedures of the  perturbation  method.  Here we assume 
vertical  momentum flux proportional to vertical  gradient 
of momentum.  This  is  consistent  with  the  nearly con- 
stant downward  propagation of phase, and no compelling 
evidence can be  found for a different form. 

The form of meridional diffusion is not so clear, and a 
m:~jor purpose of this  paper is to examine the conse- 
quences of t-wo substnntinlly  different  assumptions con- 
cerning the form of the meridional diffusion. Because 
the oscillation is propagating  downward  and  attenuating 
downward  in the lower tropical  stratosphere,  and since 
Fickian diffusion is known to dissipate  extremes, i t  seems 
conceivable that Fickian diffusion might  account for 
momentum  changes  in  the lower stratosphere.  This will 
be treated as  a  first case. I n  a. second case, a shew- 
and  latitude-dependent meridional  eddy  viscosity will be 
assumed. 

If meridional and  vertical  eddy fluxes of momentum 
may  be expressed in  terms of shears  and  eddy viscosity 
coefficients, the  perturbation  equation for the zonal 
motion may be  writt,en  as 

-+V-+W*+E bu au bt b y  b z  by 

where K,, rind K,, are eddy viscosity coefficients for 
northward  and  upward diffusion, respectively, and j is 
the Coriolis parameter.  The Coriolis term in w has been 
neglected in  comparison  with the remaining terms.  The 
term, -w(bU/bz), may be conlpared  with buldt by  setting 
w=O.Ol cm. sec." (Reed [6]), bU/bz-"0.6 m .  sec." 
km." (Reed and Rogers [7]), and bu/bi=0.4X10-5 m. 
SCC.-~. Hence  t,he  fifth term is two  orders of magnitude 
smaller than  the  rate of change of westerly  momentum per 
unit mass, which is known to  be important.  The meridio- 
nal  variation of undisturbed  density  may also be neglected. 
No direct  information  regarding the  magnitudes  and 
vnriation of K,, and K,, are  available, unless these are 
identified  with  particulate diffusion coefficients. However, 
the occurrence of westerlies over the  equator indicates 
the danger of equating  momentum coefficients to particu- 
late coefficients. Here we assunle for simplicity that 
QK,, is constant  with  height.  The effect of height  varia- 

tion of this  quantity  may readily be inferred. To achieve 
a completely  Fickian diffusion, we assume that K,, is 
constant.  Hence (4) becomes 

-+V-+W-+- v-K,, ---K,, --jv=O. (ti) a u  du au au b2u b2U 
at by b z  b y  by2 a 2 2  

The  long period of the oscillation strongly  suggests 
geostrophic  balance of the nleridional pressure gradient 
force, and Reed [4] has verified from observations and 
the  thermal wind equation that  the motion is in  fact 
geostrophic. Hence the  northward  component of the 
equation of motion  nmy be written  as 

The long period and large scale suggest also that  the 
oscillation is in  hydrostatic equilibrium. This  assumption 
has been used with success in  the  study of baroclinic  in- 
stability. Hence the  perturbation  equation of vertical 
motion becomes 

in view of (1). Equation (5) does not, of course, exclude 
vertical  motion, which must  appear  in non-negligible 
terms of the  equations of continuity  and  thermodynamic 
energy.  The  perturbation  equation of state  nlay be 
written as 

Now equations (6), (7), and (8) may be combined to yield 
a thermal wind equation which replaces  all three: 

-+- "0. bu g bT- 

d z  f T b y  

Small  terms,  including one in lapse rate,  have been 
neglected. 

For completeness and  later reference we may also write 
down the  perturbation  equations of continuity  and 
thermodynamic  energy.  The  perturbation  equation of 
continuity  avcrnged over longitude may be written as 

-+- bw 1 - b Q   b v  
bz Q b z  by w+-=o. 

I n  obtaining a thermodynanlic  energy  equation, we equate 
individual change of potential  temperature  to  the diver- 
gence of turbulent  enthalpy flux plus a heating  function 
which includes  contributions from radiation and molecular 
heat  conduction, the  latter  probably negligible. The  in- 
dividual  derivative of potential  temperature is  expanded, 
and,  in  the local and horizontal  advection terms,  the po- 
tential  temperature is  approsinlhted  by  ambient  tempers- 
ture. In  the  term for vertical diffusion, the  quantity 
peT"Khr, where Khz is the  vertical  eddy  conductivity, is 
assumed  constant for simplicity and  similarity of eddy 
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viscosity and  eddy  conductivity  terms. In  the  term  for 
horizont<al diffusion, potential  temperature is replaced by 
ambient  temperature,  and Khy, the  northward  eddy con- 
ductivity, is assumed constant.  Thus  the  perturbation 
thermodynamic  energy  equation becomes 

where r and y are  adiabatic  and  ambient lapse rates, 
respectively, and h is the  heating  function. 

The  system of perturbation  equations now c0nsist.s 
of (5), (9), (lo), and  (11). If h is speci6ed from  radiation 
theory,  the  dependent variables are u ,  v, w, and r. In  
principle, three of these could be eliminated and  a dif- 
ferential equation derived for the  amplitude of the  fourth. 
These  equations  turn  out to  be cubic or quartic wit,h 
variable coefficients, a  situation which, in  the absence 
of a clear understanding of the form of momentum dif- 
fusion, or of the proper boundary conditions, makes 
analysis extremely dif6cult as well as inconclusive. 
It seems  more profitable a t  this &age to specify  the 
va,rinble which  is best known  from observations, sub- 
stitute  and  determine those remaining variables such 
as v and w which are  not easily measured directly. In  
this way the complete perturbation  structure  may in 
principle be determined.  The  best known variable is, 
of couIse, the zonal wind. If it is substituted  in  the zonal 
momentum  equation, (4) or (5), then a solution for 
meridional wind is obtained. To  the  extent  that  the 
correct terms  and  forms of terms  have  been included, the 
solution for v will agree with conclusions drawn by Reed 
[6] from Observations. These  indicate  equatorward  drift 
during westerlies and poleward drift  during easterlies, 
with  magnitudes of a few centimeters  per second. Sub- 
stitution of the observed zonal wind in (4) or (5)  also 
leads to conditions on various parameters of the problem. 
The sense of these conditions also serves to  evaluate 
the assumed  form of the  terms  in  the  momentum equa- 
tion. Since momentum  changes  in  the oscillation are 
the principal problem, the purpose of this paper will be 
to  follow the aforementioned  procedure and  strive  to 
determine  what  forms for monlentum diffusion lead to 
physically realistic conditions on paraineters  and solutions 
for the meridional wind. 

The zonal wind oscillation is most  intense  and  most 
accurately  reported  within 20"  of the  equator.  The 
simplest zonal wind oscillation which describes the ob- 
servations  with good accuracy is a downward-propagating 
and  downward-attenuating  disturbance whose latitudinal 
profile has  the form of the  normal  .probability curve, 

7L=uE '11 e-ku2eaaz+i(a,z+vl> (12) 
where uEM is the  magnitude of u over the  equator a t  a 
reference level where z is zero,  k is a real, positive constant 
which  determines  the  rate of decrease of amplitude  with 
increasing distance from the  equator, aa is a  constant which 
determines  the rate of downward attenuation, ap is the 
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positive wnve number, und Y = ~ T  (26 mo.)" is the  fre- 
quency. Equation (12)  specifies a  simultaneous  phase 
at  all  latitudes. Reed's and Rogers' [7] analysis of 
observations shows  phase  varying by as much as 3 mo. 
within 20" of the  equator. This variation  is small com- 
pared  with  the period (26 1110.) and will  be neglected here 
for simplicity. However,  a  conqdex k is readily  handled 
mathematically.  The choice of the  probability  curve for 
the meridional profile is justified not  only by direct com- 
parison with  amplitudes  presented by Reed  and Rogers 
[7], but also by comparing  with  observations  the  tempera- 
ture  disturbance which it implies through  the  thermal 
wind equation.  Thus, from (9), by  partial (meridional) 
integration, 

where uE is u over the  equator,  and where the  temperature 
disturbance  has been assumed to  vanish  at  latitude yo. 
Within  about  20" of the  equator,, f =ZQa"y,  where Cl is 
the  earth's  angular velocity and a is earth  radius. Hence 

where ,$ is a dulnn~y variable corresponding to y. Inte- 
gration yields 

r=-- ClT ( a , 2 + f f ~ ) l / 2 e ~ ~ ~ , E ( e - ~ 2 / ~ - ~ - R ~ ' ) ,  

gak (15) 

w=nrctan a,/ffa. (16) 
Hence the  temperature  disturbance precedes the zonal 
wind  disturbance  by ( 1 3 ~ 1 ~ )  months,  has  in meridional 
profile the  shape of a  nornml  probability  curve,  is positive 
for y<yo and negative for y>yo. All these features  are 
consistent with  a  model presented by  Reed [6] on the basis 
of observations. Of course, the  temperature profile is 
not so reliably  known as the zonal wind  profile, but it is 
readily verified that  an  exponential,  rather  than  a  proba- 
bility, profile for the zonal wind  disturbance,  leads, 
through: the  thermal wind equation,  to R temperature 
profile  which  is  difficult to  adjust  quantitatively or 
qualitatively t o  observations. In  (15) if we set aa=ap 
= 2 ~ / 2 6  km., T=210" K., k=5X10-3 (Iat. deg.)-2, 
u=20 m. sec." at  the  equator,  y0=15 lat. deg. (Reed 
[6]), the  temperature  amplitude over the  equator becomes 
2.7" C., a value in good agreement  with  Reed's [4] 
results. 

Therefore, (12) is a faithful  representation of the 
observed zonal wind  disturbance,  and when it is substi- 
tuted  in (5), defects which arise in t'he conditions on 
constants  or in the solution for v must  then be traced  to 
the  form of the  momentum diffusion terms. 

where 

Substitution of (12) in (5) yields 
[Wa~+2k-K~u(1-Zk~2)--K,,(a~-a~)-2kV 

+~(u-~o~~~,K,,+T.VCU,)]U- 
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It is nom nec,essary t o  specify bU/by. Reed and Rogers [7] 
show the  amplitude of mean zonal wind as a function of 
latitude. Between 25 and 50 mb.  the mean zonal mind is 
a few meters per second easterly over the  equator, of the 
order of 10 to  15 111. sec." easterly  around 10" N., and less 
easterly fart(l1er north.  Examination of magnitudes  shows 
that bU/dy nlay  not be neglected in comparison mithf 
within 10" of the  equator,  but  that  f>bU/dy for latitudes 
greater  than  10".  The zonal wind profiles as sketched by 
Reed  and  Rogers  are rouded   a t  the  equator,  and,  with 
sufficient accuracy for our purposes, may be specified 
in  the form 

u=ua+Ule-'~2, (1s) 

where U,(<O), Ul(>O, <-Urn), and U > O )  are 
constants. Hence 

Calculations by  Murgutroyd  and Singleton [3] shorn mean 
nleridional motions  are  poleward and  symmetric  about 
the  equator  in  the region fronl  the  tropopause t o  35 km. 
It will therefore be assumed that  Vvmishes  at  the  equator. 
Now, by  taking  the  limit as y + O  in (17),  the  term in v 
vanishes, and we obtain  the following conditions on 
parameters : 

K m , ( ~ ~ - ~ ~ ) - 2 k K m u - ~ ~ ~ a a = 0 ,  (20) 

V - ~ ~ , C Y ~ K , ~ , ~ W E ~ ~ ~ O ,  (21) 

where the  subscript E denot,es evaluation  at  the  equntor. 
These expressions show that  the  various  paramet>ers  cannot 
be chosen arbitrarily. Of the  parameters  in (20) and (21), 
the  best known  are V ,  up,  a,, and k.  The sense of W E  is 
almost  certainly positive in view of the deficiency of total 
ozone in t'he Tropics and  the low temperatures  in  the 
lower  tropical  stratosphere.  Fronl  the  adiabatic cooling 
required t o  offset diabntic  heating,  Murgatroyd  and 
Singleton have  estimated WE to be of the  order of 0.05 to 
0.1 cm. sec." in  the region from 1s to 35 kn1. 

I n  the lower stratosphere, where the oscillation is 
attenuating  downward, a, is of the  same  order as ap. 
For aa=aP[=v/c, where c =1 km. n10.-~ is the m v e  speed 
and v=27r (26 mo.)"], we E d  from (21) that K,,=SX103 
cn1.2  sec." and  l.SX104  cm2 sec." for Ei,=O and 0.05 
cm. sec.-l, respectively.  The increase of K,, 'with  in- 
creasing WE traces physically to  the necessity of a larger 
diffusivity to conduct  the  momentum downward at  a fixed 
rate  against  the  upward  motion of the  nledium.  'These 
values for K,, are  only  slightly  larger  than  the  particulate 
diffusion  coefficients of the  order of lo3 t o  l o4  c n 2  sec." 
deduced  from radioactivity diffusion by  Friend,  et  al. [2]. 
There is thus no particular  reason to  reject a Fickiau  form 
for  vertical  mo*mentum diffusion in  the  attenuating  layer. 
In  the  non-attenuating  layer  in  the middle stratosphere, 
aa=O, and  in  this case TVE=-vapl=-c. This suggests 
that diffusion  is here uninlport,ant  but gives no indicat,ion 
of the correctness of the formulrttion. 
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The condition (20) involves meridional diffusion and is, 
unlike (21), difficult to  reconcile with  known facts. If 
K,, and T V E  are  both positive, then (14) requires aa>ap. 
Thus (14) cannot  apply t o  the  non-attenuating  layer. 
Analysis by Reed [6] indicates that 01, and aP are of the 
same  order  in  the  attenunting  layer. ,In order t o  be 
consistent  with bobh (14) and  the condition that a, be 
not too different from ap,  it is necessary in (14) that K,, 
be about I O s  C J I L : ~  sec." for W,=O, or somewhat  smaller 
than  the values determined  from  the speed of radioactivity 
transport for the meridional particulate diffusion  coeffi- 
cient.  The  latter values are of the  order of lo9 ~ 1 1 1 . ~  
sec." If W E  is allowed to increase from zero, it beconles 
increasingly difficult t o  obtain  an  intuitively reasonable 
value €or Kmu. For  WE=c=1.15  kin. ~no."=0.045 
c n ~  sec." and a,=2ap (approxim:itely the nmximuul a, 
allowable in  the  attenuating  layer), it follows that K,, is 
negative.  Thus, if the sense of undisturbed  vertical 
motion  in  the  tropical  stratosphere is upward,  the  results 
suggest that meridional diffusion o€ momentun1  callnot be 
Pickian. 

Despite  the  restriction on parameters, a further ex- 
ploration of the  present case is instructive  and necessary 
since, even if it is in fact  positive,  the  correct  value for 
WE is still  uncertain,  and a negative Kmu may OJdy reflect, 
the existence of eddies which transfer  nlonlentunl  up  the 
gradient. It will  be shown,  however, that K,,<O leads 
to  meridional winds  which are of incorrect  sign, while 
positive vnlues less than io9 c m 2  sec." lead t$o the correct' 
sign but  somewhat  smaller  magnitudes  than  indicated  by 
observations.  Substitution of the condit,ions (20) and 
(21) in (17) yields 

v=[aa ( W 4 V E )  -4k2Kmuy2 

It, is seen t8hat v vnuishes at  the  equator. 
For negligible mem motions (22) becomes 

V=- 4k2K,,y2u, 
r bU (23) 

"& 
where we assulne K,, is a positive quant'ity.  Inspectmion 
of ( 2 3 )  with reference to  (12) and (19) shows that merid- 
ional velocity vnnishes at  the  equator.  At  other  latitudes, 
equatorward drift is  associated  with westerlies and 
polewtwd drift, with easterlies. These  are  properties of 
the model of observed structure  presented  by  Reed [6]. 
Within  about 20" of the  equator,f"2Qa"y,  and,  in view 
of (19), it, is  nccurabe  t'o write 

Polemard of roughly 7" lat.,  the second term  in t,he denorni- 
nabor  is negligible, and v reaches a maxinnml  lnagnitude 
where  t,lle product yu reaches a maximunl. Pwtial 
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clifferentintrion with respect, to y and reference t,o (12) 
show that8  this  nlasinlunl occurs a t  A y, which satisfies 

ym=z' 1 

For k =5X (lnt. deg.)", it follows that y m  = 10'. 
For K,,=109 cm.'  sec." and uEfic=25 n~. sec.", maxi- 
mum meridional winds are of the  order of 5 cm.  sec.", 
which agrees in  magnitude  with  Reed's [6] d u e s .  One 
may now consider substitnting for v in  the  equation of 
continuity, ( lo),  and  then  integrating  to  obtain w, then, 
finally, substituting for T, 8, and w in (11) to  derive a 
heating funct.ion. 

Unfortunately, K,u= IO9 cm.2 sec." requires, because 
of (20) ,  a, to  be  substantially  larger  than ap.  Reed [6] 
indicates that a, may a t  most  be twice ap,  and  this only 
in  the lowest part of the  attenuating  layer.  This is 
sufficient for (20)  to yield log cm.2 sec." for KmY only 
if WE vanishes or is negative. Since we have  already 
noted that WE is probably positive, it is  very  questionable 
if KmY m a y  be chosen as a posit'ive value sufficiently 
large  to yield meridional velocities of the  order of a few 
centimet,ers per second. 

If mean  motions exist, then not, only does the  condition 
(20)  possibly yield a  negative KmU, but. also the  functional 
relationship (22)  between u and v becomes more  complex. 
All terms in (22)  may be compa.rable. According to 
Murgatroyd  and Singleton [3], W is probably  maximum 
positive over the  equator, while V is probably zero at  the 
equator  and increases poleward within the Tropics. The 
pha.se difference between u and v will depart from 180" 
(13 mo.)  with increasing distance  from t,he equator. 

We  may conclude that when the  probable mean  motions 
are  introduced, it becomes impossible to obtain a reason- 
able condition on the  parameters or a reasonable solution 
for meridional velocity under  the  assunlption of Fickian 
diffusion of momentum. Physically the difficulty in the 
attenuating  layer lies in the  circumstance that upward 
motion gives negative  advection, so that Kmy must  be 
negative in order  to  concentrate westerly momentum. 
While a negative Kmw is not of itself alarming,  the  sub- 
sequent solution for v does not  appear realistic. 

The possibility must also be considered that  the non- 
linear  terms neglected in  the  perturbation  method may 
in  fact  not be of higher order  and negligible. The  terms 
are v(3ulby)  and w(bu/bz). The  first vanishes at  the 
equator  and  cannot affect the  results.  The second term 
should  be  completely negligible because w is estimated  by 
Reed [6] as roughly 0.01  cm. see.", or approximately 
one-tenth W. 

The consequences of severnl forms of spatial  variation 
of the meridional diffusion  coefficient have been  investi- 
gated,  but  none of these  has led to  more  realistic  conditions 
on parameters or a more realistic solution for the  merid- 
ional  wind  disturbance. 

Next, we  will consider t,he consequences of assuming n 
shear-dependent  eddy viscosity. h!Iurgatroyd and Single- 

ton [3] indicate  almost no mean meridional motion across 
the  equator  in  the lower and middle  stratosphere.  Reed 
[6] indicates that  the meridional wind  field in the 26-mo. 
oscillation also vanishes at  the  equator. These  circum- 
stances,  together  with vanishing of Coriolis and pressure 
gradient forces suggest that meridional eddy mixing 
nmy also be  much smaller near  the  equator.  Here it will 
be assumed that this is the case, that meridional eddy 
motions on all scales become very sn~all as the  equator is 
approached.  Alternatively, it will be  assumed that those 
eddies which effect a momentum  exchange have  in- 
creasingly restricted meridional displacements as the 
equator is approached. In  complete  analogy  with the 
ca,se of vertical  eddy  transfer of momentum  near  the 
ground for adiabatic conditions, we assume that mixing 
length is proportional to  distance  from  the  equator  and 
that meridional velocity fluctuations  are  proportional to  
the mixing  length and  the meridional shew.  Thus 

where the positive or negative sign applies when bulby  is 
posit,ive or negative, respectively. In  the adinbatic case 
near  the  earth's surface, y would be replaced by z and the 
constant K would  be  0.16, the  square of the von Icarman 
constant.  Whether it may be so identified in  the  present 
case  is doubtful, but it will be nssumed to have  the  mme 
order of magnitude. 

If the meridional momentum diffusion term  in  the 
equation of motion is written  out for the Condition (26) 
and linearized by  the  method of small perturbations,  and 
if the  assumptions  regarding all other  terms  in (4) a.re 
repeated,  the linearized equation of motion becomes 

Substitution of (12)  in (27)  yields 

+ ~ ( Y - ~ U , ~ ~ K ~ , + I V ~ ~ ) ]  u=(j-%) bU 1;. (28)  

Now, if the  limit is taken as y+o in (28 ) ,  and if the  same 
assumptions as before are mnde  with  respect to  the  mean 
motmion, the  term  in v vanishes, a,nd we obtein  the following 
conditions on pwameters : 

(CY",-4)Kmz+aaWEl,Ur,=0, (29) 

2 a a ~ p K m z - ~ p , T y E = ~ .  (30) 

In these expressions K,, and 147E are least. well-known. 
Solving for t,hem we obtain 
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As in the  previous case, W E  is  proportional to  the excess 
of a, over ap. Since in  the  attenuating  layer CY, is observed 
to  be of the  same  order  as ap, it is  implied that WE is small 
or t,hat  the  formulation of vertical  momentum  transfer is 
incorrect. An accurate  determination of mean  vertical 
motion  is necessary in  order to resolve the  matter. It 
may also be  noted  that when WE=O identical expressions 
for K,, are  obtained from (31) and (21) .  

Substitution of the  conditions (31) and (32) in ( 2 8 )  yields 

Here,  again, v vanishes at  the  equator.  dway from  the 
equator,  the  sign  and  phase of v depend  on  the  relative 
nlagnitudes of the  various  terms. 

For negligible mean  motions (33) becomes, in view of 
(19) and  the  approximate  form for f, 

Extremely close to  the  equator, (34) reduces to 

(34) 

If the  meridional cliffusion term  in (27 )  is identified as the 
meridional derivative of the  product of the  eddy viscosity 
coefficient  and  latitudinal  shear,  then  the coefficient of 
eddy viscosity may  be identified as f2K?J2(bu/b?J). 
Substitution of (19) and  numerical values, including 
~=0.16 ,  shons  that Kmll exceeds lo9 sec.”  poleward of 
about 2’ latitucle. Hence (34) and (35) should  not be 
applied poleward  from that  latitude,  beyond which KTnV 
no longer is related  to  distance from the  equator. 

Examination of (34) and (35) shows that v vanishes at 
the  equator. Elsewhere air  drifts  equatorward  during 
westerlies and polemard  during easterlies. This  result 
agrees with  the  previous  development (when  mean verti- 
cal  nlotion is neglected)  and  with  Reed’s [6] measure- 
ments.  However, v in  the  present case increases very 
rapidly  with  latitude. It follows that w would be  propor- 
tionately  larger  than  in  the  previous  development. 

If the  mean  vertical  motion  in  the lower stratosphere is 
positive,  having  the  magnitude  compute6 by  Murgatroyd 
and Singleton [3], then a, becomes much  larger  than ap, 
whereas a,=2aP in  the lower stratosphere  appears t o  be 
a  maximum excess of a, over cyp .  Moreover,  the  terms in 
(28 )  involving  mean  meridional  circulation  become 
important  and  the  relationship of v to u becomes  more 
complex and difficult to reconcile with Reed’s [6] analysis 
of observations. 

It is  obvious that a careful determination of mean 
vertical  motion  over  the  equator is necessary to  any 
theory of the 26-mo. oscillation. The cooling rates in 
the lower stratosphere presented by Murgrttroyd  and 
Sinkleton [3] are as much as four times as  large as values 

presented by Dtlvis [I]. Both of these computations 
involve averages over layers or smoothing in analysis. 
On the  other  hand,  detailed  radiative cooling  profiles 
through  the  tropopause,  obtained  either from the  radia- 
tive  transfer  equation or by means o€ the  radiometersonde, 
show that  radiative warming may occur in  the  vicinity 
of the  .tropopause,  particularly when the  tropopause is a 
level of minimum  temperature as it is in  the  Tropics. 
(Physically,  the  warming  can  be  traced to  the Second 
Law of Thermodynamics;  heat  is  transferred  to  the  tropo- 
pause  from its warmer  surroundings.)  We  may  therefore 
expect warming or else very  small cooling at  the tropical 
tropopause,  with  a  diminished cooling extending  some 
distance  .above  the  tropopause. For this  condition,  the 
mean  vertical  motion  in  the  attenuating  layer  required 
to  balance  the  radiative cooling  is likely to  be  much 
snlaller than  indicated  by  Murgatroyd  and Singleton, 
and  the  solutions for TVE=O in ‘the preceding develop- 
ment  may  be realistic. 

4. CONCLUSION 
Neither  Fickian diffusion nor  a  shear-  and  latitude- 

dependent  eddy viscosity appears applicable t o  the non- 
attenuating  layer. In  the  attenuating  layer  these  forms 
of momentum  transfer  may  account for the observed 
structure if the  mean  vertical velocity over the  equator 
is smdl  or negligible. This  latter condition may  apply 
t o  the lowest part of the  attenuating  layer.  The effect 
of mean  vertical  motion  is crucial because of the asso- 
ciated  advection;  the  applicability of various f o r m  of 
eddy viscosity is contingent,  in  the  method of analysis 
used  here, on an  accurate  mean  vertical velocity o ~ e r  the 
equator.  This  quantity is crucial to many  studies  and it 
is to be hoped that more accurate values mill become  available. 
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